Rolling circle amplification (RCA) of DNA on an aligned-carbon nanotube (a-CNT) surface was electrically interfaced by the a-CNT based filed effect transistor (FET). Since the electric conductance of the a-CNT will be dependent upon its local electric environment, the electric conductance of the FET is expected to give a very distinctive signature of the surface reaction along with this isothermal DNA amplification of the RCA. The a-CNT was initially grown on the quartz wafer with the patterned catalyst by chemical vapor deposition and transferred onto a flexible substrate after the formation of electrodes. After immobilization of a primer DNA, the rolling circle amplification was induced on chip with the a-CNT based FET device. The electric conductance showed a quite rapid increase at the early stage of the surface reaction and then the rate of increase was attenuated to reach a saturated stage of conductance change. It took about an hour to get the conductance saturation from the start of the conductance change. Atomic force microscopy was used as a complementary tool to support the successful amplification of DNA on the device surface. We hope that our results contribute to the efforts in the realization of a reliable nanodevice-based measurement of biologically or clinically important molecules.
Introduction
Sensitive detection of a target DNA by nanoscaled electronic devices has been of great interest since its promising advantages to be applied in various bio and medical fields of sciences and technologies. 1, 2 The key aspect of the nanoelectronic device based measurements of a DNA is the change of electric conductance upon a specific hybridization between the target in the sample and the probe DNA on the device. The electric signal measured in a nanoelectronic device, however, is easy to be affected by various experimental parameters including the non specific binding of surrounding biomolecules and the variation of ionic strength of the sample solution as well as the current leakage of the nanodevice itself.
3,4 Therefore, to ensure a reliable detection of the target DNA, it is strongly demanding to discriminate all the other sources of chemical and electrical noises from the real target DNA induced signal. In this work, as a clue to the solution of measurement reliability, we suggest a DNA amplification process initiated on the surface of the nanodevice for the confirmation of the target induced signal. Since the time-dependent conductance change will give a unique and distinctive feature upon the surface chemical process, its occurrence can be considered as a confirmative detection of the target molecule. As a proof-of-concept experiment, the template DNA for the amplification process was considered to be the target DNA and the electric conductance change upon the rolling circle amplification (RCA) of DNA was monitored.
Experimental
In the RCA, a template DNA (a circle of DNA), a short DNA primer which is complementary to a portion of the circular template DNA, and an enzyme (a DNA polymerase) convert deoxyribonucleotide triphosphates (dNTPs) into a long single-stranded concatameric DNA that is composed of tandemly repeated copies of the template DNA. Unlike the other amplification methods, the RCA produces an amplified product DNA that remains linked to the primer immobilized to the device surface initially. As a result, RCA is well suited to our measurement platform of the nanoelectronic device, where the amplification product needs to be localized on a specific device surface area. For the RCA, the DNA sequence of 5'-amino C12-GGG CTG GCA AGC CAC GTT TGG TGG GAA ACA GCT ATG ACC ATG-3' was used as the primer and the circular template was prepared with the initial DNA sequence of 5'-ATA AAC GAC ATT GAA TTC CAT GGT CAT AGC TGT TTC CTG GGA TCC TTT CAT TCT TAC-3' (The regions complementary for DNA hybridization are underlined.). The primer was covalently immobilized on the a-CNT surface by immersing the device in the tris buffer solution of 0.1 M primer overnight. Prior to this process, the a-CNT was functionalized by incubating with 6 mM 1-pyrenebutanoic acid, succinimidyl ester in dry dimethylformamide (DMF) solution for 1 h, followed by rinsing with DMF and tris buffer solution (52.5 mM, pH 8).
5-7 After rinsing with tris buffer, the device was soaked for a few minutes in the RCA mixtures containing 52.5 mM tris-HCl, 70 mM KCl, 8.4 mM (NH 2 ) 4 SO 4 , 14 mM MgCl 2 and 20 mM Dithiothreitol (DTT). The change of electric conductance of the a-CNT device was started to be monitored after introducing the 0.1 M template oligonucleotide solution, and the devices showed an evident response upon addition of a pre-mixture solution of the RCA mixture having dNTPs and Phi 29 DNA polymerase.
RCA was performed on aligned carbon nanotube (a-CNT) surface and the process was monitor by monitoring the conductance change of the a-CNT based field effect transistor (FET). The a-CNT based FET was prepared on a flexible substrate (polyimide film) by transferring the a-CNT initially grown on a quartz substrate. Figure 1 shows the schematic diagram of the device fabrication process and the surface chemical process involved in our work. The a-CNT was CVD-grown on a quartz substrate having an e-beam evaporated thin catalyst layer (ca. 0.2 nm in average thickness) of Fe. [8] [9] [10] Line patterns of the Fe layer for the alignedgrowth were pre-defined by the photolithographic technique. After defining the metal electrodes (Au, ca. 100 nm in thickness) to be used as the source and drain in the a-CNT based FET, the unnecessary portion of the a-CNTs was etched away by the rf-powered O 2 plasma. The device was transferred to a polyimide film following the process described in the literature. 8, 11 An additional patterned polymide layer was finally formed on the detached a-CNT/ electrodes/polyimide film to block the metallic electrodes to be exposed to the aqueous solution in the next steps of chemical and biochemical treatments. Use of this flexible polymer substrate helps us to use the single crystalline quartz substrate again in the next CVD and to consider further implementation of the flexible sensing device based applications. Figure 2 is the scanning electron microscope (SEM) image of the a-CNT and photo and SEM image of the a-CNT based nanodevice. As one can see in the figure, the a-CNT was synthesized to cover the whole surface of the quartz substrate and a small portion of the a-CNT was remaining in the final device on the polymer film, where the a-CNT served as the electric conduction channels of the device.
Results and Discussion
When the local electric field at the surface of the a-CNT device was modulated, the electric conductivity of the device was changed, which could be well exemplified in the I-V measurements using the substrate as a back gate as shown in Figure 3 . This field-dependent I-V curve was obtained after a current annealing process (in the range of 0.5-3 V of bias voltage) had been performed for selective electric breakdown of metallic CNTs connecting the two electrodes. As one can see from the figure, the a-CNT FET shows a p-type character, implying that the DNA amplification by RCA on the device surface will lead the increase of the electric conductance since the amplification means a local accumulation of negative charge on the device surface due to the negatively-charged phosphate backbone of the DNA. Figure 4 shows the time dependence of the electric conductance of the a-CNT FET along with the surface RCA process. As shown in the figure, the electric conductance of the device was quite stable maintaining about 7.5 µS of the conductance when it was in contact with the RCA mixture containing the template DNA, indicating the local electric environment around the primer-attached a-CNT surface was not fluctuating at this experimental condition. However, right after the introduction of the mixture of dNTP and the DNA polymerase, the conductance started to increase reflecting the file-up of negative-charge on the a-CNT surface area of the device. Recall that the device is p-type (Figure 3) . Since the phosphate backbone of the product DNA will also be negatively charged, this gradual increase of device conductance, in turn, means that the DNA was becoming longer and longer along with the RCA process.
The increase seemed to be saturated at a value of about 20 µS after 60 min of the reaction. This can be attributed to either the completion of the DNA amplification reaction or the limited detecting power of the nanodevice-based measurements. That is, the attenuation of the conductance increase can be the result of the diminution in the negative charge build-up on the a-CNT surface or the result of weakened local charge modulation effect of the end portion of the extended DNA. Estimated from the I-t curve, the time constant of the conductance increase was about 24 min, which is similar to the value estimated from the surface RCA study for electrochemical measurements reported in the literature.
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The progress of DNA amplification on the a-CNT surface can also be examined with the use of the atomic force microscopy (AFM). Figure 5 shows the AFM images before and after the RCA process. As one can clearly see from the comparison between the Figures 5(a) and 5(b) , the a-CNT surface became roughened with 10-20 nm high lumps after the DNA amplification process. The average RMS roughness of the a-CNT region of 1.2 µm 2 was increased after the surface RCA process: from 0.5 nm to 7 nm, supporting the successful RCA on the a-CNT surface. Fluorescent tagging was also used to confirm the RCA process on the device surface. It was observed that a Cy5-tagged DNA, which is complementary to RCA product, was selectively hybridized on the a-CNT surface area, although the data (not shown) were quite faint due to the optical quenching effect of the CNT.
Conclusion
Isothermal amplification of DNA on a nanodevice surface was successfully interfaced through the measurement of conductance vs. time curve, which is the first direct nanoelectrical interfacing of the surface RCA process. The electric conductance of a-CNT FET device showed a very distinctive time-dependence along with the progress of the surface RCA: rapid increase followed by saturation after an extended period of time. Since this type of I-t curve cannot be obtained by the other unwanted process in the biomolecular sensing such as non-specific binding, electrical noise, environmental fluctuation and so forth, this surface amplification approach could be implemented as a very reliable way of electric-device-based molecular measurements for various biological or clinical applications.
